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Cross sections for the reaction pp — ete™ have been measured at s = 8.9,12.4,
and 13.0 GeV2. The cross sections have been analyzed to obtain the proton electro-
magnetic form factors in the time-like region.
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The understanding of nucleon structure is one of the central problems of hadronic
physics. Measurements of the electric and magnetic form factors, Gg and Gu, as
functions of the four-momentum transfer g2 provide experimental information relating
to the nucleon structure. A large body of precise data obtained primarily from elastic
scattering of electrons by protons and deuterons now exists for these form factors,
with the form factors of the proton known up to ¢* = 31 (GeV /c)?[1]. However these
data are primarily for space-like momentum transfers (¢* > 0). Precise results for Gy
in the time-like region (s = --g°c* > 0) exist only for a small interval near threshold,
4mic* < s < 4.2 GeV?. These data were recently obtained at the LEAR facility at
CERN from the reaction pp — e*e™ [2]. For larger momentum transfers only upper
limits have been established by earlier efe” — pp and pp — eTe” experiments[3].
Perturbative QCD predicts[4] that for large momentum transfers q*|Gas|/p, should
be nearly proportional to the square of the running coupling constant for strong
interactions, a?(g?). Recent data[l] for large space-like momentum transfers are in
remarkable agreement with this prediction for ¢2 as small as 5 (GeV/c)®. It is of great
interest to find out if a similar behavior holds for time-like momentum transfers.

In this letter we present the results of our measurements of the cross section for
the reaction

PP —eTe” (1)

at 4/s = 3.0 GeV, 3.5 GeV, and 3.6 GeV. These measurements were made as a

part of Fermilab experiment E760, which is dedicated to the study of charmonium by

resonant formation in pp annihilations[5]. The differential cross section for process

(1) can be expressed in terms of the proton magnetic and electric form factors as[6]:
do na®(he)?

d(cosé") ~ 8EP

2 2. 4m123 2 i)
X ||Gum|*(1 + cos?8*) + —F|GE|*sin*8 (2)
s

where E and P are the center of mass energy and momentum of the antiproton, and
6* is the angle between the e~ and the P in the center of mass system.

Experiment E760 has been carried out at the antiproton accumulator of the Fer-
milab Antiproton Source. The circulating beam of stochastically cooled antiprotons
(up to 4 x 10''P) intersects an internal hydrogen gas jet target to provide instantaneous
luminosities up to 9 x 10*°cm~2571.

The detector (Fig. 1) is a non-magnetic spectrometer with cylindrical symmetry
about the beam axis[7], optimized for the detection of electromagnetic final states.
The central calorimeter covers the full azimuth and 11° < 8§ < 70°, and consists of
an assembly of 1280 lead glass detectors, each pointing to the beam-jet interaction
region. The planar forward calorimeter covers 2° < # < 11°, and consists of 144
lead-scintillator sandwich detectors. A threshold gas Cerenkov counter, with two-fold
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polar and eight-fold azimuthal segmentation, allows discrimination between electrons
and charged hadrons. A coincidence between the appropriate azimuthal elements of
two scintillator hodoscopes (H1 and H2) with the corresponding cells of the Cerenkov
counter, and at least two large energy deposits in the central calorimeter separated
by A¢ > 90°, define the fast trigger for two electron events. The efficiency of this
trigger has been measured at both J/¢ and v’ formation energies as €y = 0.92
0.02[5]. Charged particle tracking information is provided by three inner elements,
a cylindrical straw chamber, a radial projection chamber (RPC), and a multiwire
proportional chamber, as well as an outer element consisting of two layers of limited
streamer tubes. The luminosity is determined by detecting recoil protons in a solid-
state detector mounted at § = 86.5°, and normalizing the yield to the known pp
elastic scattering cross sections.

The off-line analysis of the data is based on the identification of two electron
tracks collinear in the center of mass, with an invariant mass m.+.- compatible with
the center of mass energy (1/s) of the pp system. The fiducial range of polar angle in
which the electrons are accepted is 15° < § < 60°. A preliminary selection requires
the two highest energy showers in the central calorimeter to be associated with the
electron track candidates. The electron identification is based on the pulse height
information from the hodoscope H2 and the Cerenkov counter, dE/dz information
from the RPC, and the transverse shape of the energy deposition in the central
calorimeter[5]. The e*e™ invariant mass distribution at this stage of the selection
is shown in Figs. 2 (a),(b), and (c), respectively for /s = 3.0 GeV, 3.5 GeV, and
3.6 GeV. A feature common to the three distributions is the presence of a low
invariant mass background, which we attribute to residual Dalitz pairs or photon
conversions from the vast m® component of the pp annihilation. In addition, Figs. 2
(b) and (c) show a prominent signal corresponding to the inclusive production of J/4)
and its subsequent decay, J/¢ — ete”[8]. Both the background ard the J/4 signal
disappear when we require only two showers in the electromagnetic calorimeter and
impose the requirements of two body kinematics on the electron directions. From
a study of a background-free sample of pp — J/¢ — ete™ events, we determine
our angular resolution and apply £2.5¢ cuts on the azimuthal and polar collinearity:
specifically we require 178.3° < ¢, < 181.7° and 177° < 8%, < 183° where ¢, is the
azimuthal angle between the two electrons, and 8, is the sum of the center of mass
polar angles of the two electrons with respect to the antiproton direction. The events
remaining after these cuts are shown as the shaded area in Fig. 2 and are seen to
cluster around the corresponding center of mass energy with a spread compatible, to
within £2 standard deviations, with the experimental mass resolution. Notice that
no cut on the ete~ invariant mass has been necessary to obtain a very low background
sample of events belonging to reaction (1). The efficiency of the above event selection,
determined by using the ete™ events from the J/v and ¥’ data samples, is found to
be €, = 0.79 £ 0.03. Thus the overall efficiency is € = €irig - €4 = 0.73 £0.03. Fig. 3

shows the 82, distribution for events with only two clusters in the central calorimeter



if, alternatively, we cut on the azimuthal opening angle ¢, and on the e*e™ invariant
mass. This sample includes all events found with the previous selection.

Two-pion final states are the main source of background for reaction (1). The
cross section, o(pp — n¥7~) is known to be < 10ub for 3.0 < /s < 3.6 GeV[9]. The
pion contamination is measured from a sample of resolved pp — 7+7~ events that
were collected with a dedicated hadron trigger. From these we measure a probability
of 2 x 1072 for a pion to produce a shower in the central calorimeter which simulates
an electromagnetic shower with an energy compatible with the two-body kinematics
of the ete~ final state, and a 1.2 x 10~2 probability for a pion to produce a Cerenkov
signal that would pass the selection criteria used to define an electron. The combined
calorimeter and Cerenkov rejection for mtx~ events is thus 1.6 x 10°. This leads to
an estimated background cross section < 0.01 pb, which is negligible when compared
to the measured cross section.

The pp — 7°7° annihilation is also a source of possible background, when each
of the two 7@’s either undergoes a Dalitz decay or has one of the two decay photons
converted in the 0.2 mm stainless steel wall of the beam pipe. This background
has been estimated from data collected in the same experiment with an all neutral
trigger designed to detect pf — < events. These data provide the cross section
for neutral events with just two clusters in the central calorimeter satisfying the
kinematic constraints used to select reaction (1). The measurement gives a cross
section of 800 pb at /s = 3.0 GeV and 100 pb at /s = 3.5 GeV. Taking into
account the conversion probability (2%) per photon and the probability for both pairs
to be misidentified as single electrons(5%) we estimate a background cross section
from photon conversions to be < 0.016 pb at /s ~ 3.0 GeV and < 0.002 pb at
/s 2 3.5 GeV, which is also negligible. Similar contributions come from one or both
7% decaying into a Dalitz pair. In conclusion, we estimate the total background
from all sources to be less than 0.3 events among the 29 events observed.

The ete™ events from the decay in the tails of the J/v and %’ resonances consti-
tute a possible background for the form factor events of reaction (1). This contribution
has been calculated to be negligible.

We recall that the fiducial range has been restricted to 15° < 6 < 60°; this
corresponds to different acceptance ranges for cosf* at different energy values. For a
given integrated luminosity £, and overall efficiency ¢, the number of events is:

N =¢ £ ocorr, (3)
with
cosdy o dO'
corr d 0% )o:——
7 —coadk o (COS ) d( cos e*)
_ 7o (fic)® 3 2
= W[A|GM| + B|Gg| (4)



where

A=2 /0 e i c0s8*Y(1 + cos?6") (5)

and
B=2 ]Ocoaa:,._“ d(cosﬁ')irgsinzﬂ‘ (6)
In Table I we present the values of s = —g°, cos8},,., A, B, and 0cry. The cross

sections Oy are obtained from Eq. (4). Due to the limited statistics and angular
coverage we cannot derive Gg and Gy separately. The values of |G| are deduced
from BEq. (5) under the two assumptions: (a) |G| = |Gu/, and (b) neglecting the
term containing Gg and are reported in table I. It is to be noted that the values of
|G| determined under the two approximations differ by less than 15%. The values
of the proton magnetic form factor, under assumption (a), are shown in fig. 4 (a).

In Fig. 4 (b) we plot the same set of values for |Gp| in the form of ¢*|Gal/pp
versus —g? (up, = 2.79), along with the earlier results from the literature{2]. The curve
corresponds to Gu(q?) « g~*a?(g?), where a,(¢?) is proportional to 1/in(g?/A?),
with A = 0.2 GeV. The dependence on ¢* is consistent with what was found
for comparable space-like momentum transfers[1], however the numerical values of
|G| in the time-like region are nearly twice as large as those in the corresponding
space-like region.

The fit presented in Fig. 4 (b} leads to the estimate that |Gum(¢® =
M3,) = 0.026 £ 0.002 and Gu(q? = MZ)| = 0.012 £ 0.001. By integrating
Eq. (2) and then applying the principle of detailed balance, we obtain the total cross
sections:

at My, or(ete” —4* — pp)=(59+£09) pb (7)

at My, or(ete” — 4* — pp) = (0.83 £0.13) pb (8)

The cross section or(ete” — 4* — hadrons) in the continuum is given by
[4ra?(hc)?/3] x R/s, where the ratio R = o(ete™ — hadrons)/o(ete” — ptu”)
has the measured value of 2.5 & 0.2 in this mass region{10][11]. Thus the branching
fractions

or{efe” =" — pp)

flyx) = (9)

or(ete~ — ¥* — hadrons)

are (2.620.5) x 10~ at the J/4, and (0.52+0.09) x 107* at the )’. The corresponding
branching fractions for gluonic decays of the J/4 and the '

_ _T(R.— g99 — pp)
Feg9) = (R, — ggg — hadrons)

(10)
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are estimated to be (31+£2)x107* and (12+4)x 10~* for the J/4 and ' respectively.
A comparison of these branching fractions leads us to the purely experimental result
that the hadronization via gluons favours the pp channel by approximately an order
of magnitude as compared to hadronization via a photon.
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FIGURES

FIG. 1. Layout of the E760 detector and the gas jet.

FIG. 2. Distribution of the ete~ invariant mass for events collected at: (a) s =
8.9 GeV?, (b) s = 12.4 GeV?, and (c) s = 13.0 GeV?. The open histograms are for events
passing the preliminary event selection. The shaded histograms are for events which survive
the final collinearity cut.

FIG. 3. 8, for ete™ coplanar pairs with an invariant mass compatible with the c.m.
energy of the interaction for events with only two clusters in the calorimeter at : (a)
5= 8.9 GeV?, (b) s = 12.4 GeV?, and (c) s = 13.0 GeVZ.

FIG.4. Variation of |G| and ¢*|Gpr]/pp versus —g?. The crosses are from the present
experiment. For the sources of the other data shown see Ref. [2]. (a) |G| versus -g*. (b)
4% |G/ up versus —g?; the dashed curve shows the perturbative QCD fit to the data for
g > 5 (GeV/c)? described in the text.

TABLES

TABLE I. Summary of results for the magnetic form factor of the proton.

5 L No.- Ceorr cos8?, .| 4 B |G ar
(GeV?)  (pb7) (pb) (a) (b)
8.9 2.840.1 14  6.8%23 045 096 0.33 0.033+%% 0039007
124 177109 11 0.85%33 0.60 1.34 030 0.01373% 0.014+5%3
13.0 6.0 + 0.3 4 0.91+72 0.62 140 029 0.013790; 0.015%°08

The Gp values in column (a) are obtained with the assumption |Gg| = |Gpm|. Those in
column (b) are obtained by neglecting the contribution of the term containing Gg.
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FIG. 1. Layout of the E760 detector and the gas jet.
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